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• CDKL5 deficiency disrupts the synaptic organization of thalamo-cortical (TC) and 27 
cortico-cortical (CC) connections in the barrel cortex (BC) 28 
• CDKL5 deficiency leads to BC hypoactivation 29 
• CDKL5 deficiency causes atypical whisker-mediated behavioural responses 30 
• CDKL5 deficiency does not prevent TC circuitry to undergo experience-dependent 31 
structural plasticity  32 
• Enhanced sensory stimulation restores cortical connectivity, BC activation levels and 33 
whisker-related behavioural responses 34 





Mutations in the CDKL5 (cyclin-dependent kinase-like 5) gene cause CDKL5 Deficiency 38 
Disorder (CDD), a severe neurodevelopmental syndrome where patients exhibit early-onset 39 
seizures, intellectual disability, stereotypies, limited or absent speech, autism-like symptoms 40 
and sensory impairments. Mounting evidences indicate that disrupted sensory perception and 41 
processing represent core signs also in mouse models of CDD, however we have very limited 42 
knowledge on their underlying causes. In this study, we investigated how CDKL5 deficiency 43 
affects synaptic organization and experience-dependent plasticity in the thalamo-cortical (TC) 44 
pathway carrying whisker-related tactile information to the barrel cortex (BC). By using 45 
synapse-specific antibodies and confocal microscopy, we found that Cdkl5-KO mice display a 46 
lower density of TC synapses in the BC that was paralleled by a reduction of cortico-cortical 47 
(CC) connections compared to wild-type mice. These synaptic defects were accompanied by 48 
reduced BC activation, as shown by a robust decrease of c-fos immunostaining, and atypical 49 
behavioural responses to whisker-mediated tactile stimulation. Notably, a two-day paradigm of 50 
enriched whisker stimulation rescued both number and configuration of TC and CC synapses 51 
in Cdkl5-KO mice, and restored cortical activity as well as behavioural responses to control 52 
levels. Our findings disclose an important role of CDKL5 in controlling the organization and 53 
experience-induced modifications of excitatory connections in the BC and indicate how 54 
mutations of CDKL5 produce failures in higher-order processing of somatosensory stimuli. 55 
 56 
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De novo mutations of the Cyclin-dependent kinase-like 5 (CDKL5) gene lead to a rare X-linked 61 
genetic disorder (Weaving et al., 2004). CDKL5 deficiency disorder (CDD) patients exhibit 62 
among a broad spectrum of clinical signs severe deficits in motor coordination, abnormalities 63 
in tactile and visual perception, and autistic traits. In CDD individuals, defective sensory 64 
processing in primary cortical areas is thought to be involved in the loss of purposeful hands 65 
movement and the progressive appearance of dyspraxia or apraxia, until walking is completely 66 
prevented (Bahi-Buisson and Bienvenu, 2011). Sensory defects such visual and auditory 67 
impairments were recently revealed in CDD mouse models (Wang et al., 2012; Amendola et 68 
al., 2014; Trazzi et al., 2016; Mazziotti et al., 2017). Moreover, CDD mouse models exhibit 69 
autistic-like features such as profoundly altered social interaction (Wang et al., 2012; Jhang et 70 
al., 2017; Yennewar et al., 2019). 71 
CDKL5 mouse models offer a valuable opportunity to assess the cellular and molecular 72 
mechanisms underlying abnormal computation of sensory inputs in CDD (Wang et al., 2012; 73 
Amendola et al., 2014; Trazzi et al., 2016; Mazziotti et al., 2017). CDKL5 is a serine/threonine 74 
kinase that is highly expressed in the central nervous system. CDKL5 localizes both in the 75 
cytoplasm and nucleus in a brain region and development-dependent fashion (Hector et al., 76 
2016). CDKL5 was also found to be present in excitatory postsynaptic structures, where it 77 
regulates dendritic spine maturation and growth, and controls excitatory synaptic function 78 
(Della Sala et al., 2016; Ricciardi et al., 2012). Synaptic localization of CDKL5 is mediated by 79 
its interaction with the palmitoylated form of postsynaptic density protein 95 (PSD-95) (Zhu 80 
et al., 2013; Zhang et al., 2014). Our recent investigations in CDKL5-KO mice have disclosed 81 
that CDKL5 controls the molecular organization of excitatory synapses, the turnover of 82 
dendritic spines, and the excitatory-inhibitory balance of intrinsic circuits in somatosensory 83 
and visual cortical areas as well as the establishment of parvalbumin-expressing interneurons 84 
(PV+ INs) assembly (Della Sala et al., 2016; Pizzo et al., 2016).  85 
Nevertheless, whilst we have started to elucidate how CDKL5 regulates the molecular 86 
composition and structure of cortical synapses, no data are yet available about the role of 87 
CDKL5 either in the organization of thalamocortical (TC) projections, which deliver incoming 88 
sensory stimuli to the cortex (Petersen, 2007), or in experience-dependent synaptic plasticity 89 
in vivo. This information is particularly important as an emerging view suggests that altered 90 
encoding of sensory inputs during development is not only critical for sensory-motor responses, 91 
but also underlies anxiety and atypical social behavior (Orefice et al., 2016). Notably, mounting 92 
evidences posit that autistic features may stem from impaired sensory processing (Robertson 93 
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and Baron-Cohen, 2017). The vast majority of autistic patients, including individuals affected 94 
by fragile X syndrome (FXS), a syndromic form of autism-spectrum disorder (ASD), reported 95 
abnormal sensory perception (Sinclair et al., 2015; Robertson and Baron-Cohen, 2017). 96 
Therefore, in the present study, we first aimed at addressing how CDKL5 regulates the TC 97 
connectivity in the barrel cortex (BC) of the mouse brain which relays tactile information from 98 
the whiskers to layer IV for further processing (Feldmeyer et al., 2013). Furthermore, since 99 
sensory experience shapes and optimizes neural circuits information processing by promoting 100 
structural and functional changes (Holtmaat and Svoboda, 2009), we investigated CDKL5 101 
involvement in sensory-induced TC plasticity. Importantly, previous studies have revealed that 102 
whisker-to-BC pathway can undergo experience-induced plasticity also in adulthood (Fox et 103 
al., 2002; Feldman and Brecht 2005; Yang et al., 2009; Yu et al., 2012; Chung et al., 2017). 104 
Finally by employing a whisker specific behavioural test, we assessed that the lack of CDKL5 105 
also impact tactile sensory responses.  106 
  107 
6 
 
EXPERIMENTAL PROCEDURES 108 
 109 
Animals 110 
Animal care and handling throughout the experimental procedures were conducted in 111 
accordance with European Community Council Directive 86/609/EEC for care and use of 112 
experimental animals, with protocols approved by the Italian Minister for Scientific Research 113 
(Authorization number 175/2015-PR) and the Bioethics Committee of the University of Torino. 114 
Animal suffering was minimized, as was the number of animals used. Mice for testing were 115 
obtained by crossing Cdkl5-/+ females with Cdkl5-/y males and Cdkl5-/+ females with Cdkl5+/y 116 
males (Amendola et al., 2014). Littermate controls were used for all the experiments. After 117 
weaning, mice were housed three to five per cage on a 12 h light/dark cycle (lights on at 7:00 118 
h) in a temperature-controlled environment (21  2° C) with food and water provided ad libitum. 119 
Six-week old male Cdkl5-/y mice and wild-type (WT) littermates were used throughout the 120 
study. Mice allocation to experimental groups was randomized by assigning random numbers 121 
to animals. Mice were included in the experimental groups only if displayed normal body 122 
weight and coat appearance indicating overall good health.  123 
 124 
Sensory enrichment  125 
Sensory enrichment was performed by placing the mice for two days in standard cages 126 
containing strings of plastic beads hanging from the top. The positions of bead strings were 127 
changed daily. Animals were free to navigate in the cage through the strings of beads which 128 
passively stimulated animals’ whiskers. Animals housed both in the sensory enriched and 129 
standard environment were provided with food and water ad libitum (Yang et al., 2009). 130 
 131 
Immunofluorescence 132 
Animals were anesthetized with an intraperitoneal injection of Zoletil/Xylazine (Sigma-133 
Aldrich) and transcardially perfused, first with  10 ml PBS and then with ice-cold 134 
paraformaldehyde [4% in 0.1 M phosphate buffer (PB), pH 7.4]. After perfusion, the brains 135 
were then dissected and kept in the same fixative solution overnight at 4°C. Afterwards, brains 136 
were cryoprotected by immersion in 10, 20, and 30% sucrose-PB solutions, cut in 30 μm 137 
sections with a cryostat and stored at -20°C in a solution containing 30% ethylene glycol and 138 
25% glycerol until use. For immunofluorescence processing, after several PBS rinses 139 
cryosections were kept in a solution containing 0.05% Triton X-100 and 10% normal donkey 140 
serum (NDS) in PBS for 1 h, followed by overnight incubation at 25°C with the appropriate 141 
primary antibodies (anti-c-fos, 1:500, # 2250S, Cell Signaling Technology; anti-pan-Homer, 142 
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1:500, # 160-103, Synaptic Systems; anti-VGAT, 1:500, # 131-002, Synaptic Systems; anti-143 
VGluT1, 1:5000, # 5905, Millipore; anti-VGluT2 1:2000, # 2251, Millipore). Antibodies were 144 
diluted in PBS with 3% NDS and 0.05 Triton X-100. The following day, the sections were 145 
washed and incubated with suitable fluorescent secondary antibodies (1:1000; Jackson 146 
ImmunoResearch, West Grove, PA, USA) followed by NeuroTrace (1:500, N-21480, 147 
Molecular Probes, Eugene, USA) when appropriate. After several PBS rinses, the sections were 148 
mounted on gelatin-coated glass slides and coverslipped with Dako fluorescence mounting 149 
medium (Dako Italia, Milan, Italy).  150 
 151 
Immunofluorescence image analysis 152 
All analyses were carried out by an investigator who was blind to the genotype and 153 
environmental exposure. The location of the BC was identified using standard indications: 1.1 154 
mm posterior to the Bregma and 3.4 mm lateral from the midline (Yang et al., 2009), and 155 
cortical layers were identified as in Tomassy et al. (2014). Synaptic puncta in the neuropil were 156 
analyzed in 5-10 mice per group as indicated for each experimental dataset in the results section. 157 
Stacks of 6 optical sections (0.5 μm Z-step size) were acquired from layer IV with a laser 158 
scanning confocal microscope (LSM5 Pascal; Zeiss, Germany) using a 100× objective (1.4 159 
numerical aperture) and the pinhole set at 1 Airy unit. Synaptic puncta were quantified with the 160 
“Multi Points Measure Tool” of Imaris Software (Bitplane, Switzerland). Fluorescent puncta 161 
were considered for analysis if they were present in at least two consecutive optical sections, 162 
and dots smaller than 0.1 × 0.1 μm in the x-y axes were excluded (Luikart et al., 2005). Co-163 
apposition between postsynaptic Homer+ puncta and VGluT1+ or VGluT2+ axon terminals was 164 
assessed by visual inspection in the three orthogonal planes with an Imaris-dedicated tool. 165 
Puncta were considered as co-apposed (“synaptic” appositions) when no black pixels were 166 
detected between pre- and postsynaptic signals (Morello et al., 2018).  167 
To quantify inhibitory synapses on the soma of pyramidal cells, the number of VGAT+ boutons 168 
outlining the profile of identified pyramidal neurons was divided by the perimeter length 169 
measured in NeuroTrace-stained pyramidal cells using ImageJ software.  170 
For the analysis of c-Fos+ cell density, confocal images of the BC were acquired in at least 3 171 
corresponding coronal brain sections from at least 6 animals per group with a 20× objective 172 
using a 1-μm Z-step. Digital boxes spanning from the pial surface to the corpus callosum were 173 
superimposed at matched locations on each coronal section of the BC, and divided into 10 174 
equally sized sampling areas (bins; layer I: bin 1; layer II/III: bins 2–3; layer IV: bins 4–5; layer 175 




Whisker Nuisance Task (WNT) 178 
Test was conducted as in McNamara et al. (2010) and Chelini et al. (2019) with few 179 
modifications. The test was performed at the end of the exposure to the either standard or 180 
enriched environment (Fig. 4A). On the five days before the test, animals were let to familiarize 181 
with handling of the experimenter and with the empty test cage (33,1 × 15,9 × 13,2 cm) 182 
(experimental cage) for one hour each day. Habituation to the novel cage was promoted by 183 
placing a small amount of the home-cage bedding overnight: bedding was removed before 184 
introducing the mouse into the experimental cage. The same 1h habituation to the test cage and 185 
experimenter was performed on the test day prior to the whisker stimulation. The test consisted 186 
in a continuous touch of the whiskers with the wooden stick (bilateral stimulation) for three 187 
consecutive sessions of 5 minutes (15 min in total) separated by a 1 min pause. The actual 188 
stimulation was preceded by a 5 min-sham stimulation where the stick was introduced in the 189 
test cage but no contact with the animal’s whiskers or body occurred. During the test sessions, 190 
animals were scored according to McNamara et al. (2010) and Chelini et al. (2019) scale with 191 
few modifications. We monitored 5 different parameters: fearful behaviour, stance, evasion, 192 
response to stick and grooming, which were classified from 0 to 2 according to the response (0 193 
= absent/typical, 1 = present/light response and 2 = profound/accentuated response). Compared 194 
to the scale published by McNamara et al. (2010) three categories were omitted: whisker 195 
position and whisking response were not evaluated as they could not be reliably scored in 196 
preliminary observations; breathing behaviour (hyperventilation) was also excluded as recent 197 
studies revealed basal respiratory abnormalities in Cdkl5 mutant mice (Lo Martire et al., 2017; 198 
Lee et al., 2018) which might affect breathing responses to whiskers stimulation.  199 
 200 
Statistical analysis 201 
All data are reported as mean ± SEM, with n indicating the number of mice. Statistical analysis 202 
was performed using Prism software (Graphpad, La Jolla, CA, USA). Puncta density, c-Fos+ 203 
cells density and behavioural data were analysed using 2-way analysis of variance (ANOVA) 204 
with genotype (Cdkl5+/y, Cdkl5-/y) and environment (SE, EE) as fixed factors and mouse as 205 
random factor followed by Fisher’s LSD post hoc test. The analysis of the temporal progression 206 
of WN scores was performed by using 2-way ANOVA with repeated measurements (RM). 207 
Mean ± SEM and p values for each analysis are reported in Table 1. From all analyses, outliers 208 
values were excluded according to the “identify outliers” function (Method: ROUT, Q = 1%) 209 
present in Prism software (Graphpad, La Jolla, CA, USA). Power analysis of the statistical tests 210 
was performed using G_Power 3.1.9.2 (RRID:SCR_013726). The power of the statistical tests 211 





CDKL5 deficiency does not affect the number of axon terminals layer IV of the BC.  215 
To investigate thalamic inputs to the BC, we used an antiserum against the vesicular glutamate 216 
transporter 2 (VGluT2), which labels selectively thalamic axon terminals in layer IV (Nahmani 217 
& Erisir 2005; Bopp et al., 2017). This analysis revealed no differences of VGluT2+ puncta 218 
density between WT and mutant mice under non-stimulated conditions (SE) (SE-Cdkl5+/y vs 219 
SE-Cdkl5-/y p = 0.53; n = 8). Notably, two days of enriched sensory experience (EE) elicited a 220 
similar robust increase in the density of VGluT2+ synaptic terminals in both WT and KO mice 221 
(Environment, F(1,28) = 12.26, p < 0.01; SE-Cdkl5
+/y vs EE-Cdkl5+/y p < 0.05; SE-Cdkl5-/y vs 222 
EE-Cdkl5-/y p < 0.05; EE-Cdkl5+/y vs. EE-Cdkl5-/y p = 0.55; n = 8) (Fig. 1A, B). Thus, these 223 
experiments indicate that the deletion of Cdkl5 does not affect experience-induced changes in 224 
the number of thalamic afferents in the BC.  225 
Cortical neurons residing in layer IV, besides being strongly driven by thalamic inputs, receive 226 
excitatory synaptic inputs from neighbouring cortical cells (Harris and Mrsic-Flogel 2013; 227 
Schoonover et al., 2014). This local circuitry processes and integrates both horizontal and top-228 
down sensory information within a functional column and between neighbouring barrels 229 
(Schubert et al., 2003). To investigate intracortical inputs in layer IV, we used an antibody 230 
against the vesicular glutamate transporter 1 (VGluT1), that labels selectively intracortical 231 
glutamatergic presynapses (Fremeau et al., 2014). We first quantified the overall density of 232 
VGluT1+ boutons and found no differences between WT and Cdkl5 mutants under standard 233 
conditions (SE-Cdkl5+/y vs SE-Cdkl5-/y p =0.89; n = 4-5) and after EE (EE-Cdkl5+/y vs EE-234 
Cdkl5-/y p = 0.18; n = 4-5) (Fig. 1C, D). In contrast to what we found for thalamic afferents, EE 235 
did not produce any changes in the density of VGluT1+ intracortical presynapses in both 236 
genotypes (SE-Cdkl5+/y vs. EE-Cdkl5+/y p = 0.74; SE-Cdkl5-/y vs. EE-Cdkl5-/y p = 0.22). Thus, 237 
EE increases the density of TC afferents in both WT and Cdkl5 mutant animals but does not 238 
affect intracortical presynapses.  239 
 240 
The pre- post-synaptic configuration is atypical in Cdkl5 -/y mice and is restored by 241 
enriched sensory experience. 242 
We next analysed the apposition of VGluT2 with Homer to evaluate whether thalamic afferents 243 
establish correct contacts with postsynaptic targets in layer IV of the BC. Previous studies have 244 
demonstrated that Homer is a reliable postsynaptic marker of axospinous contacts (Meyer et 245 
al., 2014) indicating that a Homer+ immunopunctum faithfully identifies a dendritic spine. 246 
Surprisingly, we found that under normal conditions the density of VGluT2-Homer appositions 247 
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was significantly lower in Cdkl5-KO mice when compared to WT littermates (SE-Cdkl5+/y vs 248 
SE-Cdkl5-/y p < 0.05; n = 6) (Fig. 2A, B). In fact, VGluT2+ terminals lacking an identifiable 249 
postsynaptic partner were observed in both genotypes but were significantly more abundant in 250 
CDKL5 mutants (SE-Cdkl5+/y vs SE-Cdkl5-/y p < 0.05; n = 6) (Fig. 2C). Moreover, Cdkl5-KO 251 
mice exhibited a lower density of afferent terminals establishing multiple contacts with Homer+ 252 
spines (SE-Cdkl5+/y vs SE-Cdkl5-/y p < 0.05; n = 6) (Fig. 2C). These observations indicate that 253 
the formation and/or stabilization of axospinous TC synapses in layer IV is affected by deletion 254 
of Cdkl5.  255 
We then investigated the effects of EE on TC axospinous appositions. In WT mice, EE led to 256 
an increase in the density of VGluT2+ terminals contacting Homer+ spines (SE-Cdkl5+/y vs EE-257 
Cdkl5+/y p < 0.05; n = 6) (Fig. 2B). However, the percentage of terminals lacking a Homer+ 258 
spine as well as that of terminals contacting multiple Homer+ spines remained unchanged 259 
(VGluT2+ with 0 Homer+: SE-Cdkl5+/y vs EE-Cdkl5+/y p = 0.57; VGluT2+ with 2 Homer+: SE-260 
Cdkl5+/y vs EE-Cdkl5+/y p = 0.48, n = 6) (Fig. 2C). These data suggest that in WT animals EE 261 
causes an overall increase in the number of thalamo-cortical synapses, without altering the 262 
configuration of axo-spinous contacts. In contrast, EE promoted a clear remodelling of TC 263 
connections in mutant mice. In fact, not only the density of VGluT2-Homer appositions 264 
increased to WT levels after EE (SE-Cdkl5-/y vs EE-Cdkl5-/y p < 0.05; EE-Cdkl5+/y vs EE-265 
Cdkl5-/y p = 0.08, n = 6) (Fig. 2B), but this was also accompanied by a significant decrease in 266 
the percentage of terminals without a Homer+ spine (SE-Cdkl5-/y vs EE-Cdkl5-/y p < 0.05) (Fig. 267 
2C). These data indicate that sensory stimulation triggers the remodeling of TC connections in 268 
Cdkl5-/y mice, restoring a synaptic configuration similar to WT condition.  269 
Next, we examined the organization of CC connections by assessing the number of VGluT1-270 
Homer appositions. As for the TC contacts, the organization of CC synapses was altered in 271 
Cdkl5 mutants, both under SE and after EE. Under basal conditions the density of VGluT1-272 
Homer appositions was significantly lower in Cdkl5-KO mice when compared to WT 273 
littermates (SE-Cdkl5+/y vs SE-Cdkl5-/y p < 0.05; n = 5) (Fig. 2D, E). Accordingly, Cdkl5 274 
mutants showed a higher percentage of terminals without a Homer+ spine (SE-Cdkl5+/y vs SE-275 
Cdkl5-/y p < 0.01) as well as a lower percentage of terminals contacting two or more spines (SE-276 
Cdkl5+/y vs SE-Cdkl5-/y p < 0.05) (Fig. 2F). Moreover, whereas EE did not promote any change 277 
in the density or configuration of axo-spinous synapses in WT mice (SE-Cdkl5+/y vs EE-278 
Cdkl5+/y p = 0.42; n = 5) (Fig. 2E, F), whiskers stimulation produced a profound effect on 279 
synaptic organization in the mutants, normalizing both density (SE-Cdkl5-/y vs EE-Cdkl5-/y p < 280 
0.05; n = 5) (Fig. 2E) and configuration (VGluT2+ with 0 Homer+: EE-Cdkl5+/y vs EE-Cdkl5-/y 281 
p = 0.35; Fig. 2F) of VGluT1+-Homer+ axo-spinous synapses.  282 
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Altogether, these data indicate that sensory stimulation promotes plasticity of both TC and CC 283 
synapses in layer IV of Cdkl5 mutants, restoring a connectivity configuration similar to control 284 
levels.  285 
 286 
Lack of CDKL5 does not affect the number of inhibitory synapses in layer IV of the BC.  287 
Manipulation of whisker activity was reported to lead to functional rearrangements of inhibitory 288 
circuits in layer IV of the BC, including modifications in the number of GABAergic synapses 289 
targeting excitatory neurons (Jiao et al., 2006; Knott et al., 2002) as well as in the intrinsic 290 
properties of interneurons (Sun, 2009). Despite these previous observations, we estimated that 291 
the density of GABAergic synapses targeting the cell body of pyramidal neurons was similar 292 
in Cdkl5-KO and WT mice and was not influenced by EE (Genotype, F(1,17) = 12.26, p = 0.86; 293 
environmental exposure, p = 0.43; genotype x environmental exposure, p = 0.47; n = 5) (Fig. 294 
3A, B). Moreover, there were no differences in the density of inhibitory synapses between WT 295 
and KO mice also in the neuropil of layer IV both under SE (SE-Cdkl5+/y vs SE-Cdkl5-/y p = 296 
0.70; n = 5) (Fig. 3C, D) and after EE (SE-Cdkl5+/y vs EE-Cdkl5+/y p = 0.77; SE-Cdkl5-/y vs 297 
EE-Cdkl5-/y p = 0.87; EE-Cdkl5+/y vs EE-Cdkl5-/y p = 0.63; n = 5). Thus, these data show that 298 
deletion of CDKL5 does not induce major basal or activity-dependent structural rearrangements 299 
of GABAergic circuitry in layer IV of BC. 300 
 301 
Cdkl5-KO mice show abnormal behavioural responses to whisker stimulation. 302 
To investigate the functional impact of the synaptic defects revealed in the BC of Cdkl5-KO 303 
mice, we probed mice with a behavioural paradigm, the WNT (McNamara et al., 2010; Learoyd 304 
et al., 2012; Fontes-Dutra et al 2018; Chelini et al, 2019), designed to test whisker-related 305 
somatosensory responses in mice. During the three 5-min sessions of whisker stimulation, 5 306 
different behaviours were scored (see Materials and Methods). In the SE exposed animals no 307 
differences between genotypes were detected during the sham session, when the wooden stick 308 
was presented in close proximity of the animal’s head without any tactile contact (SE-Cdkl5+/y 309 
vs SE-Cdkl5-/y p = 0.21; n = 9). Moreover, no differences in the total WN scores were found 310 
between WT and mutant mice (SE-Cdkl5+/y vs SE-Cdkl5-/y p = 0.21; n = 9) (Fig. 4B). 311 
Intriguingly, when analyzed the temporal progression of the scores across trials, we found that 312 
KO mice exhibited statistically significant lower scores only in the first trial (SE-Cdkl5+/y vs 313 
SE-Cdkl5-/y p < 0.01; n = 9) (Fig. 4D), whilst no difference was not detected in trials 2 and 3 314 
(Trial 2: SE-Cdkl5+/y vs SE-Cdkl5-/y p = 0.60; Trial 3: SE-Cdkl5+/y vs SE-Cdkl5-/y p = 0.63; n 315 
= 9). This was due to a significant reduction of the overall responses shown by the WT mice 316 
across trials (SE-Cdkl5+/y, Trial 1 vs Trial 3, p < 0.05; n = 9), whereas in Cdkl5 mutants WN 317 
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scores were unchanged (SE-Cdkl5-/y, Trial 1 vs Trial 3, p = 0.07; n = 9). The exposure to EE 318 
did not produce changes in the overall WN score both in WT (SE-Cdkl5+/y vs EE-Cdkl5+/y p = 319 
0.18; n = 9) and mutant mice (SE-Cdkl5-/y vs EE-Cdkl5-/y p = 0.32; n = 9) (Fig. 4B), a trend 320 
that was maintained in the analysis across trials (SE-Cdkl5+/y vs EE-Cdkl5+/y,  Trail 1 p = 0.96; 321 
Trail 2 p = 0.25; Trail 3 p = 0.08; SE-Cdkl5-/y vs EE-Cdkl5-/y Trail 1: p = 0.89; Trail 2 p = 0.51; 322 
Trail 3 p = 0.11; n = 9) (Fig. 4C). However, the reduction of responses from the first to the 323 
third trial shown by SE WT was not detected in EE WT mice (EE-Cdkl5+/y, Trial 1 vs Trial 3, 324 
p = 0.86; n = 9) (Fig. 4E). Interestingly, the EE-KO mice exhibited an inter-trial increase of the 325 
responses (EE-Cdkl5-/y: Trial 1 vs Trial 3 p < 0.05; n = 9) (Fig. 4F). Finally, we individually 326 
analyzed the responses for the five parameters used to calculate the overall WN score. 327 
Interestingly, we found that under basal conditions Cdkl5 mutant mice displayed reduced 328 
values for both freezing behaviour (SE-Cdkl5+/y vs SE-Cdkl5-/y p < 0.05; n = 9) (Fig. 4H) and 329 
stance (SE-Cdkl5+/y vs SE-Cdkl5-/y p < 0.001) (Fig. 4I), while scores for both stick responses 330 
(SE-Cdkl5+/y vs SE-Cdkl5-/y p < 0.01) (Fig. 4J) and grooming were increased (SE-Cdkl5+/y vs 331 
SE-Cdkl5-/y p < 0.05) (Fig. 4L) compared to WT animals. No differences were detected for 332 
evasion scores (SE-Cdkl5+/y vs SE-Cdkl5-/y p = 0.29) (Fig. 4K). EE did not induce major 333 
changes in the WT mice (freezing: SE-Cdkl5+/y vs EE-Cdkl5+/y p = 0.09; stance: SE-Cdkl5+/y 334 
vs EE-Cdkl5+/y p = 0.39; stick response: SE-Cdkl5+/y vs EE-Cdkl5+/y p = 0.48; grooming: SE-335 
Cdkl5+/y vs EE-Cdkl5+/y p = 0.13; n = 9) (Fig. 4H-L) beside a reduction in the evasion levels 336 
(evasion: SE-Cdkl5+/y vs EE-Cdkl5+/y p < 0.05). On the other hand, EE led to robust changes 337 
in the KO animals behaviours: indeed, EE suppressed almost all behavioural abnormalities 338 
shown by SE mutants, except grooming (freezing: SE-Cdkl5-/y vs EE-Cdkl5-/y p < 0.01; stance: 339 
SE-Cdkl5-/y vs EE-Cdkl5-/y p < 0.01; stick response: SE-Cdkl5-/y vs EE-Cdkl5-/y p < 0.05; 340 
grooming: SE-Cdkl5-/y vs EE-Cdkl5-/y p = 0.16; n = 9) (Fig. 4H-L).  341 
 342 
The activation of c-Fos is reduced in the BC of Cdkl5-KO mice following whisker 343 
stimulation. 344 
It has been previously reported that whisker tactile stimulation can produce an increase of c-345 
Fos expression, an established marker of neuronal activity, in the BC (Filipkowski et al., 2000; 346 
Lecrux et al., 2017; Chelini et al., 2019). To assess tactile-induced neuronal activity in the BC, 347 
we investigated the levels of expression of c-Fos 2 hours after the end of WNT administration. 348 
Two-way analysis revealed a significant Genotype x Environment effect (two-way ANOVA, 349 
Genotype x Environment, F(1,22) = 9.47, p < 0.01; Genotype, F(1,22) = 0.84, p = 0.37; 350 
Environment, F(1,22) = 0.01, p = 0.91; n = 6-8). Fisher’s LSD post-hoc test showed a reduced 351 
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expression of c-Fos in BC layer IV of Cdkl5-KO mice compared to WT animals under SE (SE-352 
Cdkl5+/y vs SE-Cdkl5-/y p < 0.05; n = 6) (Fig. 5A, B), indicating that loss of CDKL5 produces 353 
an impairment in stimuli-induced neuronal activation. Importantly, exposing mutants to EE 354 
increased c-Fos immunoreactivity in the BC (layer IV: SE-Cdkl5-/y vs EE-Cdkl5-/y p < 0.001; 355 
n = 6-8), to levels similar to SE-WT mice. Conversely, EE-WT mice showed a robust reduction 356 
in c-Fos+ cells in layers II-III compared to SE animals (SE-Cdkl5+/y vs EE-Cdkl5+/y p < 0.05; 357 
n = 6) and IV (SE-Cdkl5+/y vs EE-Cdkl5+/y p < 0.01; n = 6).  358 
Overall, the present data suggests that the defective connectivity due to CDKL5 loss might 359 
underlie an abnormal cortical delivery and processing of tactile stimuli and, importantly, that 360 
enhancement of sensory experience might have, to some extent, beneficial effects on both 361 
cortical circuitry organization and responsiveness.  362 




In this study, we investigated the synaptic organization of BC circuits underlying tactile sensory 365 
processing in a mouse model of CDD where we analysed structural and behavioural plasticity 366 
produced by prolonged sensory stimulation. Our investigation has several major findings.  367 
First, the absence of CDKL5 leads to altered numerosity and configuration of both TC and CC 368 
synapses as illustrated by a higher percentage of solitary presynaptic terminals, even though the 369 
number of both thalamic afferents targeting layer IV neurons and CC excitatory terminals was 370 
preserved. Second, these synaptic abnormalities were associated with both reduced neuronal 371 
activation and altered whisker-stimulation mediated behavioural responses. Third, we 372 
demonstrated that a two-day long sensory stimulation promoted structural synaptic plasticity in 373 
both WT and mutant mice, restoring in Cdkl5-KOs the density and configuration of VGluT2+ 374 
and VGluT1+ axospinous synapses, neuronal activation and whisker-stimulation related 375 
behavioural responses. 376 
 377 
The normal density of VGluT2+ and VGluT1+ terminals in cortical layer IV that we report in 378 
adult mutant mice suggests that CDKL5 deficiency has no detrimental impact on the ability of 379 
thalamic and cortical afferents to reach their targets. Rather, the reduced density of axo-spinous 380 
contacts in layer IV points out that CDKL5 may be involved in the stabilization phase of 381 
excitatory synapses by regulating the postsynaptic molecular mechanisms responsible for spine 382 
maturation and trans-synaptic stabilization. Accordingly, previously published data indicate 383 
that, in the somatosensory cortex of Cdkl5-KO mice, dendritic spines show reduced spine-head 384 
size together with abnormally increased turnover (Della Sala et al., 2016), pointing to a reduced 385 
ability of forming stable synapses. There are several molecular mechanisms that can explain 386 
how loss of CDKL5 produces these synaptic alterations. One of the first identified CDKL5 387 
interactors is PSD-95 (Zhu et al., 2013), a postsynaptic scaffolding protein that stabilizes newly-388 
formed synaptic contacts (Taft and Turrigiano, 2014) by regulating molecular interactions at 389 
both the postsynaptic (Béïque et al., 2006; Chen et al., 2011; Ehrlich et al., 2007; El-Husseini 390 
et al., 2000) and presynaptic compartment (Futai et al., 2007; Hruska et al., 2015). Deletion of 391 
CDKL5 was reported to reduce the synaptic expression of PSD-95 in the neocortex (Della Sala 392 
et al., 2016: Pizzo et al., 2016) and to prevent the phosphorylation of the synaptic adhesion 393 
molecule NGL-1, thus leading to defects in synapse maturation and stabilization (Ricciardi et 394 
al., 2012). Accordingly, the reduced connectivity with Homer+ structures, which represent 395 
structurally and functionally mature spines, in the BC of Cdkl5 mutants further supports a 396 
primary role of CDKL5 in the anatomical and functional integrity of dendritic spines and is 397 
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suggestive of an excessive number of immature and/or silent - i.e.: with impaired 398 
neurotransmission capabilities - synaptic contacts.  399 
Recent findings indicate that CDKL5 may regulate dendritic spines not only by interacting with 400 
PDS-95 but also by directly binding with microtubule-associated proteins such as the IQ Motif 401 
Containing GTPase Activating Protein 1 (IQGAP1) (Barbiero et al., 2017) and MAP1S, EB2 402 
and ARHGEF2 (Baltussen et al., 2018). Furthermore, CDKL5 might regulate dendritic spines 403 
composition and function by controlling the transcriptional levels of key components of 404 
dendritic spines. Indeed, Trazzi et al. (2016) reported that CDKL5 phosphorylates HDAC4 thus 405 
preventing HDAC4 translocation into the nucleus and promoting the expression of genes 406 
essential for synaptic transmission and information processing such as CamKIIα and SNAP25 407 
(Sando III et al., 2012). 408 
Our anatomical findings suggest that the delivery of sensory inputs to the cortex might be less 409 
efficient in Cdkl5 mutants. Indeed, WNT-induced cortical activation was profoundly reduced 410 
in Cdkl5 KO mice as well as their behavioural responses to whisker stimulation. Reduced 411 
cortical responsiveness to visual and auditory stimuli were previously reported in Cdkl5 412 
mutants (Mazziotti et al., 2017; Wang et al., 2012). Remarkably, several animal models of ASD, 413 
such as fragile X mental retardation protein 1 (Fmr1), Engrailed-2 (En2), and (Mecp2) mutant 414 
mice, exhibit abnormal sensitivity to somatosensory stimuli (Chelini et al., 2018; He et al., 415 
2017; Orefice et al., 2016; Zhang et al., 2014), together with functional connectivity defects in 416 
sensory brain areas (Chelini et al., 2018; Haberl et al., 2015; Lee et al., 2017; Zerbi et al., 2018). 417 
The analysis of WNT parameters further revealed that the altered scores obtained by Cdkl5 KO 418 
mice were mainly due to lower values for freezing and stance, suggestive of reduced fear. This 419 
idea is supported by the deficits in a fear-conditioning paradigm shown by Cdkl5 null mice 420 
(Vigli et al., 2018, Wang et al., 2012). As a recent study on a mouse model of ASD revealed 421 
that impaired BC connectivity is paralleled by disruption of tactile stimuli processing, amygdala 422 
activation and fear behaviour (Chelini et al., 2019), we hypothesise that similar abnormalities 423 
may underlie fear reduction in Cdkl5 KO mice. In contrast, Cdkl5 mutants exhibited higher 424 
scores for stick response and grooming. Many evidences have pointed out that increased 425 
grooming activity may reflect an atypical activation of the striatum (Kalueff et al., 2016) which 426 
integrates sensory inputs, including tactile stimuli, processed in the BC (Reig and Silberberg, 427 
2014). Given that the striatum and the neocortex are directly and indirectly interconnected in 428 
movement-control networks, it is tempting to speculate that increased grooming shown by 429 
CDKL5 mutants is produced by altered activity of the striatum or of other brain regions 430 
functionally connected with the BC. Moreover, the analysis of the temporal progression of 431 
WNT scores revealed, in agreement with a previous study (Chelini et al., 2019), that WT mice 432 
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exhibited a reduction in the WNT scores across trials, indicating that mice tend to habituate to 433 
repeated whisker stimulations. In contrast, mutants did not show any habituation suggesting 434 
that Cdkl5 is important for adaptation processes. A similar atypical habituation to whisker 435 
stimulation was shown by Fmrp KO mice (He et al., 2017), suggesting that sensory impairments 436 
associated with both FXS and CDD may stem from common mechanisms. One possibility is 437 
that atypical habituation shown by Cdkl5 mutants originates from abnormal sensorimotor 438 
gating in response to tactile inputs. This hypothesis is supported by deficits in prepulse 439 
inhibition (PPI) of startle reflex in response to acoustic stimuli displayed by Cdkl5-null mice 440 
(Vigli et al., 2018). Intriguingly, atypical sensorimotor gating in a tactile prepulse inhibition 441 
test was revealed also in other models of ASD such as Mecp2, Fmr1 and Gabrb3 mutants, 442 
further supporting the concept that impairments in mechanisms underlying cortical processing 443 
of sensory information may contribute to ASD disorders  (Orefice et al., 2016; Zhang et al., 444 
2014).  445 
Besides impairments affecting glutamatergic connectivity, atypical processing and integration 446 
of sensory inputs in Cdkl5-KO mice can derive from changes in the GABAergic system 447 
(Griffen and Maffei, 2014). However, in our settings, no apparent defects were detected in 448 
GABAergic circuits in Cdkl5-KO and WT. This is somehow surprising given our previous 449 
evidences in primary visual cortex, where deficiency of CDKL5 caused an increased density of 450 
VGAT+ puncta, including those establishing perisomatic synapses (Pizzo et al., 2016). One 451 
possible explanation for these discrepancies is that the impact of Cdkl5 deficiency on 452 
GABAergic circuitry is layer and region specific. A similar region-specific alteration of 453 
GABAergic circuitry has been reported in Mecp2-KO mice. In this mouse model, a robust 454 
enhancement of GABAergic transmission and connectivity was observed in S1 (Dani et al., 455 
2005) and V1 (Durand et al., 2012), leading to a shift in the balance between excitation and 456 
inhibition in favour of the latter and to reduced cortical activity; on the other hand, no effects 457 
of MeCP2 deletion on inhibitory synaptic currents were found in the medial prefrontal cortex 458 
(Sceniak et al., 2016). Therefore CDKL5, like Mecp2, may differentially regulate the 459 
organization of GABAergic systems, leading to different functional outcomes in distinct neural 460 
circuits.  461 
TC projections are very plastic in adulthood and can undergo extensive experience-dependent 462 
rewiring (Oberlaender et al., 2012; Yu et al., 2012). For instance, prolonged whiskers 463 
stimulation was proven to increase axospinous synapses in BC layer IV (Knott et al., 2002), 464 
whereas whiskers trimming induced a reduction in the overall density of TC synapses in adult 465 
rat barrel cortex (Wimmer et al., 2010; Oberlaender et al., 2012). In agreement with these 466 
observations, we found that EE produced in WT mice an increase in the density of TC synapses. 467 
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In contrast, we did not detect any changes in CC glutamatergic synapses in EE WT animals. 468 
Notably, manipulations of sensory inputs may modify the strength of excitatory connections by 469 
adjusting the size of axonal inputs, dendritic spines and interposed contact zones, without 470 
affecting synapse number (Cheetham et al., 2007; 2014). Interestingly, the EE-induced increase 471 
of TC connections was paralleled by a striking reduction in cortical activity as revealed by the 472 
c-Fos staining. We speculate that this effect may arise from sensory adaptation mechanisms 473 
(Whitmire and Stanley, 2016). Indeed, prolonged whisker stimulation was shown to decrease 474 
neuronal responsivity of layer IV neurons to whisker deflection (Chung et al., 2002; Knott et 475 
al., 2002; Khatri et al., 2004; Katz et al., 2006; Quairiaux et al., 2007). Neuronal adaptation to 476 
repeated sensory stimulation occurs across all sensory modalities and governs crucial processes 477 
such as stimulus detection and discriminability (Castro-Alamancos, 2004; Ollerenshaw et al., 478 
2014). Notably, EE did not promote major changes in WNT-related behaviours indicating no 479 
EE-mediated alterations in tactile stimuli processing. However, in contrast to SE-WT animals, 480 
no behavioural habituation during WNT was found in the EE-WT mice. We suspect that the 481 
increased tactile stimuli experienced during the 2-day long exposure to an enriched environment 482 
promoted behavioural habituation to whisker-mediated sensory inputs, thus reducing the 483 
adaptation extent potentially elicited by WNT. The decrease in the evasion scores, suggestive 484 
of reduced flight responses, supports this notion. 485 
Importantly, we showed that stimulation-induced synaptic plasticity was retained in Cdkl5 486 
mutant mice, even though it was qualitatively different from that occurring in WT mice. Indeed, 487 
EE was able to induce not only an increase in the number and a reorganization of TC synapses 488 
but also an additional restructuring of intracortical connectivity, leading to a restoration of CC 489 
connections to WT levels. Furthermore, exposure to EE re-established neuronal activity levels 490 
in BC of mutants. These pieces of evidence are particularly important as they suggest that 491 
sensory stimulation might elicit a more general reorganization of circuitry in the mutants, 492 
possibly leading to the alleviation of phenotypic abnormalities. Indeed, EE exposure caused a 493 
correction in most of the behavioural WTN parameters which were altered in Cdkl5-KO mice. 494 
Accordingly, the enhancement of sensory experience was proven to be beneficial for both the 495 
synaptic and behavioural deficits affecting mouse models of pervasive neurodevelopmental 496 
disorders, such as Mecp2 and FMR1 KO mice (Kerr et al., 2010; Kondo et al., 2008; Lonetti et 497 
al., 2010; Restivo et al., 2005).  498 
Overall, our present findings disclose for the first time a primary role of CDKL5 in mechanisms 499 
involved in the formation and maintenance of cortical circuitry underlying tactile sensory 500 
information processing. Together with our behavioural analyses, showing atypical whisker-501 
mediated responses, these data suggest that sensory defects may underlie the appearance of 502 
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ASD traits in CDD. Moreover, our data posit that affected cortical circuits can effectively 503 
undergo structural remodelling: importantly, the re-establishment of correct cortical circuitry 504 
by sensory enhancement, paralleled by improvements in behavioural responses to sensory 505 
stimuli, strongly supports the use of enhanced sensory stimulation as a therapeutic strategy for 506 
CCD patients.  507 
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FIGURE LEGENDS 737 
Figure 1 EE promotes an enhancement of thalamo-cortical connectivity.  738 
A, Representative micrographs acquired in the neuropil of BC layer IV, illustrating VGluT2-739 
positive immunofluorescence (red) and NeuroTrace fluorescent Nissl labeling (green) from 740 
Cdkl5+/y and Cdkl5-/y mice exposed to standard (SE) and enriched environment (EE) (scale bar 741 
5 µm). B, Quantitative analysis of the density of VGluT2-positive puncta shows a significant 742 
increase in both WT and Cdkl5-/y mice exposed to EE compared to corresponding SE groups (n 743 
= 8). C, Representative confocal micrographs of BC layer IV neuropil showing 744 
immunofluorescence staining for VGluT1 from Cdkl5+/y and Cdkl5-/y mice kept in standard 745 
(SE) and enriched environment (EE) (scale bar 5 µm). D, Quantification of the density of 746 
VGluT1+ puncta revealed no overall changes in the number of intra-cortical excitatory terminals 747 
between WT and Cdkl5 mutants both under standard and enriched conditions (n = 4-5). 748 
Statistical analyses: two-way ANOVA followed by Post hoc Fisher’s LSD test, * p < 0.05. 749 
 750 
Figure 2 EE corrects the thalamo-cortical and the intra-cortical connectivity defects in 751 
Cdkl5-/y mice.  752 
A, Representative confocal micrographs of BC layer IV neuropil showing immunofluorescence 753 
staining for VGluT2 (red) and Homer (green) from Cdkl5+/y and Cdkl5-/y mice kept in standard 754 
(SE) and enriched environment (EE) (scale bar 5 µm). B, Quantitative analysis of the number 755 
of VGluT2+ terminals juxtaposed to Homer+ puncta indicates that EE corrects the reduced 756 
VGluT2-Homer apposition index observed in Cdkl5-/y mice under standard conditions (n = 6). 757 
C, Distribution of VGluT2+ terminals based on the number of juxtaposed Homer+ puncta. Note 758 
that under SE KO mice exhibit a higher percentage of solitary VGluT2+ terminals (i.e. not 759 
facing Homer+ puncta; indicated by white arrowheads in A), as well as a lower percentage of 760 
VGluT2+ puncta with two Homer+ partners, whereas these differences are not observed 761 
following EE (n = 6). D, Representative confocal micrographs of BC layer IV neuropil showing 762 
VGluT1 (red) and Homer (green) puncta from Cdkl5+/y and Cdkl5-/y mice housed in standard 763 
(SE) and enriched environment (EE) (scale bar 5 µm). E, The analysis of the number of 764 
VGluT1-Homer appositions shows that EE exposure restores the reduction in cortico-cortical 765 
synapses found in Cdkl5-/y mice under SE (n = 5). F, The distribution analysis of VGluT1+ 766 
terminals, based on the number of juxtaposed Homer+ puncta, revealed that SE-mutant mice 767 
display a higher percentage of VGluT1+ terminals lacking a Homer+ postsynaptic partner as 768 
well as a lower percentage of VGluT1+ puncta with two Homer+ counterparts; these differences 769 
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were abolished by EE (n = 5). Statistical analyses: two-way ANOVA followed by Post hoc 770 
Fisher’s LSD test, * p < 0.05, ** p < 0.01. 771 
 772 
Figure 3 No effects of EE on inhibitory GABAergic connectivity in layer IV of the BC. 773 
A, Examples of VGAT+ puncta contacting the somata of layer IV pyramidal neurons in BC 774 
from WT and Cdkl5-KO mice (scale bar 5 µm).  B, Quantitative analysis shows no changes in 775 
the density of inhibitory varicosities between WT and mutant mice (n = 5). C, D, Representative 776 
images acquired in the neuropil of BC layer IV depicting VGAT+ staining (C) (scale bar 5 µm) 777 
and quantitative analysis (D) showing no differences in the density of the GABAergic terminals 778 
irrespective of both genotype and environmental exposure (n = 5). Statistical analysis: two-way 779 
ANOVA followed by Post hoc Fisher’s LSD test. 780 
 781 
Figure 4 Cdkl5-KO mice exhibit abnormal responses to repeated whisker stimulation.  782 
A, Experimental timeline of the whisker nuisance task (WNT). B, Graph showing the total WN 783 
scores across trials (n = 9; statistical analysis: two-way ANOVA followed by Post hoc Fisher’s 784 
LSD test, ** p < 0.01). C-G, WN scores recorded for each animal during trials (C) and average 785 
WN scores assigned to animals during trials (D-G) (n = 9; statistical analysis: two-way ANOVA 786 
with RM followed by Post hoc Fisher’s LSD test, * p < 0.05, ** p < 0.01 between groups (C-787 
G) and trial 1 vs trial 3 within groups (D-G). H-L, Mean score across trials for each of the five 788 
behavioural parameters (fearful behaviour, stance, response to stick, evasion, grooming) 789 
monitored during the WNT (n = 9; statistical analysis: two-way ANOVA followed by Post hoc 790 
Fisher’s LSD test, * p < 0.05, ** p < 0.01, *** p < 0.001).  791 
 792 
Figure 5 Cdkl5-KO mice exhibit reduced cortical activation to repeated whisker 793 
stimulation. 794 
A, B, Representative examples of c-Fos staining in BC of WT and mutant mice housed in 795 
standard and enriched environment (scale bar 50 mm) (A) and quantification of the density of 796 
c-Fos+ cells (B) (n = 6-8; statistical analysis: two-way ANOVA followed by Post hoc Fisher’s 797 
LSD test, * p < 0.05, ** p < 0.01, *** p < 0.001). 798 
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Table 1. Mean  SEM values for each statistical analysis. 800 
 801 
Figure SE EE 
Cdkl5+/y Cdkl5-/y Cdkl5+/y Cdkl5-/y 
Fig 1B VGluT2+ puncta density 
(puncta/m2) 
 0.123  0.01  0.11  0.01 0.174  0.02 0.162  0.02 
Fig 1D 
 
VGluT1+ puncta density 
(puncta/m2) 
 0.136  0.01 0.134  0.00 0.131 0.01 0.149 0.01 
Fig 2B 
 
VGluT2+ - Homer+ appositions 
density (puncta/m2) 
 0.117  0.01 0.093  0.01 0.139  0.01 0.120 0.01 
Fig 2C 
 
VGluT2+ puncta distribution 
(%) 
0 Homer+ 26.50  2.12 35  0.84 25  3.74 27  1.38 
  1 Homer+ 40.67  0.99 42  0.84 39.17  2.64 43.20  1.16 
2 Homer+ 27  2.52 20  0.95 28.83  2.59 23.60  0.4 
>2 Homer+ 5.67  0.8 3.3  1.2 6.83  1.89 6  1.05 
Fig 2E 
 
VGluT1+ - Homer+ 
appositions density 
(puncta/m2) 
 0.133  0.02 0.10  0.01 0.12  0.01 0.13  0.01 
Fig 2F 
 
VGluT1+ puncta distribution 
(%) 
0 Homer+ 24.51  3.53 36.94  2.84 26.08  1.39 29.96  2.82 
 1 Homer+ 54.26  3.07 52.17  2.33 56.14  4.99 51.09  1.76 
2 Homer+ 21.22  3.64 10.9  2.36 17.79  4.38 18.95  2.20 
Fig 3B 
 
VGAT+ puncta density on  
pyramidal neurons 
(puncta/m) 
 0.54  0.02 0.52  0.02 0.50  0.03 0.52  0.01 
Fig 3D 
 
VGAT+ puncta density 
(puncta/m2) 
 0.13  0.00 0.13  0.00 0.13  0.00 0.13  0.00 
Fig 4B WNT score Across trials 3.75  0.27 3.38  0.14 4.16  0.20 3.73  0.14 
Fig 4C-G Trial 1 4.19  0.27 3.09  0.19 4.17  0.21 3.14  0.21 
 Trial 2 3.75  0.43 3.54  0.17 4.25  0.33 3.77  0.22 
Trial 3 3.31  0.37 3.50  0.19 4.08  0.44 4.04  0.26 
Fig 4H Fearful behaviour 0.50  0.11 0.11  0.05 0.89  0.21 0.59  0.16 
Fig 4J Stance 1.45  0.19 0.58  0.14 1.69  0.12 1.27  0.18 
Fig 4J Stick Response 0.62  0.14 1.54  0.17 0.86  0.26 0.91  0.22 
Fig 4K Evasion 1.07  0.18 0.71  0.19 0.57  0.26 0.39  0.18 
Fig 4L Grooming 0.10  0.07 0.44  0.10 0.33  0.12 0.49  0.11 
Fig 5B 
 
cFos+ cells density 
(cells/mm2) 
Layer I 145.7  72.44 44.32  25.52 34.89  7.37 64.69  14.10 
 II-III 470.4  142.9 304.9  69.15 178.0  23.87 450.9  63.85 
IV 598.8  157.1 299.1  77.42 166.7  45.72 812.6  183.3 
V 284.1  97.47 147.0  49.15 103.2  11.67 314.9  50.20 
VI 342.4  75.32 242.6  81.03 172.8  34.82 499.5  81.23 
I-VI 368.3  102.5 207.6  52.35 131.1  20.12 428.5  72.10 
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Table 2. Statistical tests and statistical power yielded  803 
 804 
Figure  Statistical Analysis Power  
Fig 1B VGluT2+ puncta density Two-way ANOVA Genotype (G)  
Environment Exposure (E) 




Fig 1D VGluT1+ puncta density Two-way ANOVA G 0,15; E 0,1; G x E 0,21 
Fig 2B 
 
VGluT2+ - Homer+ appositions 
density  
Two-way ANOVA G 0,84; E 0,93; G x E 0,06  
Fig 2C 
 




G 0,6; E 0,51; G x E 0,28  
G 0,38; E 0,05; G x E 0,13  
G 0,87; E 0,28; G x E 0,07 








 G 0,16; E 0,18; G x E 0,65  
Fig 2F VGluT1+ puncta distribution Two-way ANOVA 0 Homer+ 
1 Homer+ 
2 Homer+ 
G 0,86; E 0,17; G x E 0,36  
G 0,23; E 0,05; G x E 0,08 








 G 0,05; E 0,14; G x E 0,12  
Fig 3D VGAT+ puncta density Two-way ANOVA  G 0,1; E 0,06; G x E 0,05  
Fig 4B WNT score Two-way ANOVA  G 0,57; E 0,49; G x E 0,08  
Fig 4C-G WNT score during trials Two-way ANOVA with RM  G 0,87; E 0,73; G x E 0,19; 
Trials (T) 0,14; T x G 0,66 
T x E 0,36; TxGxE 0,08 
 
Fig 4H Fearful behaviour Two-way ANOVA  G 0,73; E 0,9; G x E 0,06  
Fig 4I Stance Two-way ANOVA  G 0,99; E 0,8; G x E 0,27  
Fig 4J Stick response Two-way ANOVA  G 0,65; E 0,16; G x E 0,56  
Fig 4K Evasion Two-way ANOVA  G 0,13; E 0,8; G x E 0,2  
Fig 4L Grooming Two-way ANOVA  G 0,48; E 0,32; G x E 0,19  
Fig 4N 
 






G 0,17; E 0,25; G x E 0,45 
G 0,1; E 0,14; G x E 0,45 
G 0,21; E 0,06; G x E 0,88 
G 0,1; E 0,05; G x E 0,84 
G 0,33; E 0,09; G x E 0,82 
G 0,16; E 0,05; G x E 0,89 
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